infection by >1 M. tuberculosis strain (ie, mixed infections), and heteroresistance within a single clonal M. tuberculosis population, could underlie the finding of heterogeneous drug susceptibility results in patients with tuberculosis [1] [2] [3] [4] [5] [6] [7] . Studies have demonstrated that patients with drug-susceptible tuberculosis can have poor treatment outcomes if they are also infected with a drug-resistant strain that is not detected and treated [1] [2] [3] [4] 8] . Previous studies have suggested that patients with multidrug-resistant (MDR) tuberculosis (ie, tuberculosis due to strains with bacteriologically confirmed resistance to isoniazid and rifampicin) can be infected with multiple M. tuberculosis strains that may be drug susceptible [5] [6] [7] . However, the clinical impact of heterogeneous DST results among patients receiving treatment for MDR tuberculosis is unknown.
According to international tuberculosis treatment guidelines, the composition of appropriate treatment regimens should focus on treating the most resistant isolate, based on the DST results for all isolates collected from a patient during a single tuberculosis episode [9] [10] [11] [12] . Thus, isoniazid and rifampicin are not recommended for treating MDR tuberculosis. However, isoniazid and rifampicin are 2 of the most effective drugs used to treat drugsusceptible tuberculosis [13, 14] , and it is possible that their use in treatment regimens may improve the clinical outcomes of patients with MDR tuberculosis with concurrent infection by pansusceptible isolates. To begin to address this question, we hypothesized that the patients with concurrent infection with drug-susceptible and MDR M. tuberculosis isolates would have worse clinical outcomes than patients with MDR tuberculosis without concurrent infection with drug-susceptible M. tuberculosis.
METHODS

Study Design
This was a retrospective cohort study relating phenotypic heterogeneity in results of DSTs (hereafter, "phenotypic DST heterogeneity") among patients with MDR tuberculosis and treatment outcomes. Phenotypic DST heterogeneity was defined as the detection of at least 1 M. tuberculosis isolate that was susceptible to isoniazid and rifampicin in cultures of specimens collected within 3 months of the MDR tuberculosis treatment initiation from a patient with culture-proven MDR tuberculosis. This study included all patients aged ≥21 years who were treated for culture-proven pulmonary MDR tuberculosis in Botswana from 1 January 2005 to 31 December 2011 [15, 16] . Patients with extensively drug-resistant (XDR) tuberculosis, as defined according to World Health Organization (WHO) criteria, were excluded [11] .
Setting
This study was conducted in Botswana, a sub-Saharan African country with a human immunodeficiency virus (HIV) infection prevalence of 18% and a tuberculosis rate of 506 cases/100 000 population [12, 17] . In accordance with the national guidelines, all patients with MDR tuberculosis initiated a standardized MDR tuberculosis regimen while waiting for the DST results for second-line agents [9, 12] . The standardized MDR tuberculosis regimen was composed of amikacin, levofloxacin, ethionamide, cycloserine, and pyrazinamide. Individualized regimens were provided after the second-line DST results became available. The MDR tuberculosis treatment was administered daily at the observation clinic. Injectable antituberculosis drugs were administered once daily (7 days per week) and ceased 4 months after culture conversion. Patients were treated for a minimum of 18 months after culture conversion [12] .
Laboratory Methods
From January 2005 to March 2010, sputum samples submitted to the National Laboratory of Botswana were processed using the N-acetyl cysteine-3% sodium hydroxide method and then cultured on Lowenstein-Jensen (LJ) solid medium. From April 2010 to December 2011, the Mycobacteria Growth Indicator Tube (MGIT 960) system was implemented for routine mycobacterial cultures [18] . DST was performed using the proportion method on LJ medium with the internationally recommended concentrations of antibiotics [11, 19] .
Data Collection
Data were extracted from paper medical records and electronic databases at the tuberculosis clinics, the Botswana National Tuberculosis Program, and the Botswana National Tuberculosis Reference Laboratory. Data collected included patient demographic characteristics, microscopy-determined semiquantitative acid-fast bacilli (AFB) load at the time of diagnosis [11, 12] , extrapulmonary involvement, HIV serostatus, and CD4 + T-cell count, along with the use of antiretroviral therapy (ART) for HIV-positive cases. All study participants (including those with evidence of concomitant extrapulmonary disease) had microbiological proof of pulmonary tuberculosis. Tuberculosis was classified as unilateral or bilateral and cavitary or noncavitary on the basis of chest radiograph findings. Patients with tuberculosis were also classified as having tuberculosis alone or pulmonary tuberculosis plus extrapulmonary involvement.
Outcome Variables
We used the WHO option 1 definition for treatment outcomes [11] . "Cure" was the outcome assigned to patients with MDR tuberculosis who completed treatment according to program protocol and had negative results of at least 5 consecutive cultures of samples collected at least 30 days apart in the final 12 months of treatment. "Treatment completion" was assigned to patients with MDR tuberculosis who completed treatment according to program protocol but did not meet the definition for cure because of a lack of bacteriological results. any reason during the course of treatment. "Treatment failure" was assigned to patients with ≥2 positive results among the 5 cultures performed in the final 12 months of therapy or patients with positive result of any of the final 3 cultures. "Default" was assigned to patients with MDR tuberculosis whose treatment was interrupted for ≥2 consecutive months for any reason without medical approval [11] . For our main analyses, clinical outcome was defined as good (ie, cure or completion of treatment) or poor (ie, treatment failure, treatment default, or death). The time to culture conversion was a secondary outcome for the time-to-event analyses. Culture conversion was defined as the presence of negative results for 2 consecutive cultures of specimens collected at least 30 days apart [11] .
Statistical Analysis
Differences in baseline characteristics of exposed and unexposed patients were assessed using χ 2 and t tests or Wilcoxon rank sum tests, as appropriate. In the survival analysis, individuals were followed from the date they initiated MDR tuberculosis treatment until they experienced a poor clinical outcome or were censored, which occurred if they continued to receive tuberculosis treatment at the end of the observation period, if they were lost to follow-up (ie, >9 months had passed since the last visit), or if the observation period ended (31 December 2011), whichever came first. For analyses assessing both clinical outcomes and culture conversion, we used Kaplan-Meier curves to compare times to event among patients with and those without phenotypic DST heterogeneity for the group overall, for those with HIV infection, and for those without HIV infection.
Cox proportional hazard models were used to determine hazard ratios (HRs) and 95% confidence intervals (CIs) and to assess for confounding. Potential confounders included age, sex, prior tuberculosis history, baseline weight, HIV infection status, and the number of drugs to which the MDR M. tuberculosis isolate was susceptible at baseline. For analyses restricted to those infected with HIV, we also evaluated the CD4 + T-cell count and the use of ART at baseline as potential confounders. Potential confounders were considered actual confounders if their inclusion in the multivariable model changed the unadjusted HR by ≥10%. We also determined whether the severity of tuberculosis was worse in those with phenotypic DST heterogeneity, although adjustment for severity of disease could control for factors on the causal pathway between exposure and outcome if the exposure increases the risk of poor outcomes by worsening the severity of tuberculosis. Factors indicating severity of disease included semiquantitative bacillary load (by AFB microscopy, the findings of which were categorized as scanty, 1+, 2+, and 3+). We confirmed that the proportional hazards assumption was not violated, using log-log plots and Schoenfeld residuals. We conducted 2 sensitivity analyses. The first restricted the outcome to death. The second addressed our use of a 3-month window to determine exposure. van Rie et al have demonstrated that drug-susceptible M. tuberculosis populations can reemerge in patients with MDR tuberculosis if they have decreased antibiotic selection pressure (eg, via default) [7] . Furthermore, in patients predominantly infected with MDR M. tuberculosis, a single sputum culture has relatively low sensitivity (approximately 60%) for detection of minority (eg, drug-susceptible) M. tuberculosis populations [6] . Therefore the 3-month treatment window was selected in an attempt to capture as many patients as possible (via multiple cultures) who had phenotypic DST heterogeneity at the start of therapy, while simultaneously limiting reverse causality between exposure and outcome. To evaluate the effect of our definition on the results, we performed an analysis limited to patients who remained culture positive after month 3. All data analysis was conducted using Stata, version 12 (Stata, College Station, TX).
Ethics
This study was approved by the Human Research Development Committee at the Botswana Ministry of Health and by the University of Pennsylvania Institutional Review Board (IRB). Additional review by the Centers for Disease Control and Prevention (CDC) IRB was not required because CDC investigators were determined not to be engaged in human subjects research as defined by relevant US government regulations.
RESULTS
Cohort and Study Population
During the 7-year study period, 539 patients received a diagnosis of MDR tuberculosis and were treated in Botswana. Of these patients, 483 (88.1%) had microbiologically confirmed MDR tuberculosis and were included in the analyses. Eight (1.7%) of 483 received a diagnosis of XDR tuberculosis and were excluded from the analysis.
The 475 patients with MDR tuberculosis accounted for 7025 person-months of follow-up after initiating treatment for MDR tuberculosis. Demographic and clinical characteristics of these patients are shown in Table 1 . Thirty-three patients (7.0%), accounting for 504 person-months of follow-up time, had phenotypic DST heterogeneity. We did not find a significant difference between culture-positivity rates (68% vs 72%), contamination rates (3.6% vs 5.8%), or rates of infection involving phenotypic DST heterogeneity between the 2 periods in which our laboratory used LJ medium (13/198 [6. 6%]) or MGIT medium (20/277 [7.2%] ). There were no significant differences in the following characteristics between patients with and those without phenotypic DST heterogeneity: semiquantitative bacillary burden on sputum AFB microscopy at baseline, prevalence of extrapulmonary involvement, or number of effective drugs used to treat MDR tuberculosis (Table 1) .
Among all patients, 126 of 475 (26.3%) had poor clinical outcomes during follow-up: 94 (19.8%) died during treatment, and Of the 22 HIV-infected patients and 11 HIV-uninfected patients with phenotypic DST heterogeneity, 10 (45.5%) and 6 (54.5%), respectively, had conversion to negative culture results. Drug-susceptible M. tuberculosis isolates were the last ones cultured from 6 of the 10 HIV-infected patients (6.0%) and 3 of the 6 HIV-uninfected patients (50.0%) with phenotypic DST heterogeneity; these patients all tested culture-negative eventually. Overall, 19 of 33 patients (57.6%) with phenotypic DST heterogeneity had poor outcomes during follow-up, compared with 106 of 442 patients (24.0%) without phenotypic DST heterogeneity. Deaths, treatment failure, or treatment default were more common in the patients with phenotypic DST heterogeneity (Table 1) . Of 22 patients with phenotypic DST heterogeneity coinfected with HIV, 8 (36.4%) and 7 (31.8%) died or had treatment failure, respectively, compared with 63 (20.6%) and 12 (3.9%), respectively, of 306 patients without the exposure (P < .001). Of the 19 patients with phenotypic DST heterogeneity who had poor outcomes, 5 (26.3%) had those poor outcomes while having drug-susceptible M. tuberculosis in their last positive culture. Similarly, 7 of the 24 patients (27.3%) with phenotypic DST heterogeneity who had good outcomes experienced these outcomes while having a susceptible M. tuberculosis isolate in their last positive culture. Figure 1 presents the KaplanMeier curves for the group overall and by HIV infection status. As can be seen by the stratified Kaplan-Meier curves, the relationship between exposure and outcome was significant in patients infected with HIV but not in those without HIV infection.
The presence of phenotypic DST heterogeneity was associated with a shorter time to event overall, but the effect was statistically significant only among patients infected with HIV. The unadjusted HRs for those without HIV infection and those with HIV infection were 1.5 (95% CI, .5-4.3) and 2.6 (95% CI, 1.5-4.6), respectively. Among patients infected with HIV, no ART and lower CD4 + T-cell counts were associated with an increased risk of poor outcomes ( Table 2 ). The association between concurrent infection with susceptible and MDR isolates and poor outcomes among patients infected with HIV persisted after adjustment for age, sex, prior history of tuberculosis, smear microscopy findings at the time of diagnosis, CD4 + T-cell counts, and ART (Table 2 and Figures 1 and 2) . The trend toward this association remained present, yet not statistically significant, when the main outcome was restricted to persons who died (Supplementary Table 1 and Figure 1A and 1B). There were 325 patients who remained culture positive after month 3. In these patients, the unadjusted HRs were 1.5 (95% CI, .5-4.2) and 3.4 (95% CI, 1.8-6.4) for those without HIV infection and those with HIV infection, respectively. HIV-infected patients with concurrent infection due to susceptible and MDR isolates also had significantly longer times to Figure 1 . Kaplan-Meyer curves for poor outcome, by phenotypic heterogeneity in results of drug-susceptibility tests (hereafter, "phenotypic DST heterogeneity").
sputum culture conversion (median, 12 months; IQR, 8-22 months), compared with HIV-infected patients without concurrent infection due to susceptible and MDR isolates (median, 5 months; IQR, 3-8 months; P < .01), HIV-uninfected patients with concurrent infection due to susceptible and MDR isolates (median, 6.5 months; IQR, 4-9 months; P < .01), and HIV-uninfected patients without concurrent infection due to susceptible and MDR isolates (median, 5 months; IQR, 3-8 months; P < .01 Table 3 ). Nearly half of all HIV-infected persons with MDR tuberculosis who had concurrent infection with susceptible and MDR isolates did not achieve sputum conversion, compared with 15% of patients without concurrent infection due to susceptible and MDR isolates ( Figure 3 and Supplementary Figure 2A and 2B) . Findings of the sensitivity analysis using data from patients whose times to culture conversion were >3 months showed no difference from findings of the analysis that included the entire sample ( Supplementary Figure 2A and 2B ), suggesting the lack of a significant bias introduced by the definition of our primary exposure.
DISCUSSION
We found a strong association between concurrent infection with isoniazid-and rifampicin-susceptible strains and poor clinical outcomes among patients coinfected with HIV and MDR M. tuberculosis. HIV-infected persons with phenotypic DST heterogeneity also remained culture positive for longer periods, which would be expected to increase the risk of tuberculosis transmission and to enhance the potential development of further resistance to second-line drugs. In contrast, we did not find an association between phenotypic DST heterogeneity and outcomes among patients without HIV infection. However, the small number of HIV-negative patients with phenotypic DST heterogeneity (n = 11) may have limited our ability to detect an effect within this group. Molecular-based studies have since demonstrated that tuberculosis may be caused by multiple strains within a patient [1, 2, 7, 8, [20] [21] [22] [23] [24] [25] [26] . Because drug-susceptible tuberculosis is still the most prevalent type of tuberculosis in most communities, patients with MDR tuberculosis may have concurrent disease caused by drug-susceptible M. tuberculosis isolates [7, 27] . The prevalence of phenotypic DST heterogeneity in our population was approximately 7%, regardless of HIV infection status. However, studies using molecular approaches have reported a prevalence of mixed M. tuberculosis infections as high as almost 60% among persons with pansusceptible M. tuberculosis in some tuberculosis-endemic settings [1, 7, 27] . Given the global burden of MDR tuberculosis ( particularly among HIV-infected individuals), the resource-intensive nature of MDR tuberculosis treatment, and the potential impact of delayed culture conversion on transmission, identifying phenotypic DST heterogeneity from isolates with different drug-susceptibility profiles (as a potentially modifiable determinant of patient outcomes) might be essential for public health regardless of whether they represent mixed M. tuberculosis infections. Our study does not distinguish between mixed DST results due to authentic mixed infection with independent strains carrying different DST patterns and heterogeneity of drug susceptibility within a population that may have originated from a single isolate. It will be important for future studies to distinguish the basis responsible for phenotypically mixed infections. Nevertheless, our results show the impact of phenotypically mixed infection on drug susceptibility and raise important questions regarding optimal management.
It is possible that phenotypic DST heterogeneity is simply a marker for more-severe tuberculosis or more-advanced immunodeficiency, although our results do not support this interpretation. By all measures, the clinical extent of disease was not different between patients with and those without phenotypic DST heterogeneity. In addition, the prevalence of phenotypic DST heterogeneity was similar between persons living with HIV and without HIV infection. Similarly, the prevalence of phenotypic DST heterogeneity among patients with HIV infection was similar, regardless of the level of immunosuppression. In addition, our multivariate analysis revealed that the association between phenotypic DST heterogeneity and poor outcomes among HIV-infected patients persisted, after adjustment for factors likely to impact outcomes, including the initial severity of disease, the appropriateness of the initial antituberculosis regimen, and prior tuberculosis treatment. Thus, although we cannot completely exclude the possibility that other, unidentified factors may lead to a greater likelihood of poor outcomes, our analysis suggests that phenotypic DST heterogeneity is an independent factor leading to poor outcomes.
The mechanism explaining how concurrent disease caused by both drug-susceptible and drug-resistant strains during MDR tuberculosis treatment may lead to worse outcomes remains to be defined [1] . One possibility is that in individuals with phenotypic DST heterogeneity, the failure to provide optimal treatment for even a minority of susceptible M. tuberculosis subpopulations can diminish treatment responses. However, although second-line drugs used for MDR tuberculosis are notoriously less effective than first-line drugs, this explanation would require that second-line drugs be less effective against drug-susceptible strains than against MDR strains. Recent data have suggested that drug-resistant M. tuberculosis may be associated with decreased fitness; therefore, isoniazid-and rifampin-susceptible (ie, wild-type) strains may be controlled less effectively than MDR isolates by second-line therapy [28] . It is possible that the clinical impact of suboptimal treatment for drug-susceptible isolates may only manifest in the setting of HIV-related immunosuppression. The association between phenotypic DST heterogeneity and poor outcomes was only present in HIV-infected patients, which supports one of 2 hypotheses: (1) more-virulent isolates may exhibit moredetrimental clinical effects in immunosuppressed patients [28, 29] , or (2) M. tuberculosis isolates circulating and being transmitted among immunocompetent and immunosuppressed populations may carry different virulence factors or fitness [28] [29] [30] . However, even if either scenario was true, treating the susceptible and virulent isolates may still be recommended.
This study had several limitations. First, the presence of phenotypic DST heterogeneity in this observational study may have been related to increased disease severity in manners that we did not capture retrospectively. Because of the lack of M. tuberculosis genotyping data, we are unable to confirm the presence of mixed infection (ie, the presence of >1 M. tuberculosis genotype) among patients with concurrent disease caused by susceptible and MDR M. tuberculosis isolates, as opposed disease caused by a single clone that presented both a susceptible and resistant phenotype (eg, because of microevolution) [1, 4, 6, 31, 32] . To minimize misclassification caused by this potential limitation, we used conservative phenotypic definitions. Similarly, by narrowing the window for our definition of concurrent M. tuberculosis infections, based on extreme DST results ( pansusceptible isolate that defined a mixed M. tuberculosis infection, we decreased the likelihood of misclassifying a reinfection (or superinfection during the course of treatment) as a mixed M. tuberculosis infection that was present from the moment of diagnosis. Although heterogeneity due to microevolution leading to the development of resistance within the host has been described in M. tuberculosis, to our knowledge this development has never led to the coexistence of clones with both pansusceptible and drug-resistant MDR phenotypes [1, 4, 6, 31, 32] .
Our definitions of phenotypic DST heterogeneity were based exclusively on drug-susceptibility phenotype. This approach may have underestimated the proportion of patients coinfected with multiple M. tuberculosis strains [4, 32, 33] . In addition, by using the extreme phenotype of pansusceptible M. tuberculosis for our exposure of interest, by definition we did not address the impact of concurrent infections due to isolates that were susceptible to only one of the 2 first-line drugs. It also seems reasonable to assume that individuals with a higher bacterial load may have a higher likelihood of concurrent infection with susceptible and MDR M. tuberculosis isolates (especially if the mechanism involved emergence of resistance within the host), which could also be associated with poorer treatment outcomes. Although the semiquantitative bacillary load in sputum is a reasonable measure of the burden of disease, it is not perfect. However, to our knowledge, there is nothing to suggest that patients with concurrent infection with susceptible and MDR M. tuberculosis isolates have a higher burden of disease. Finally, it is possible that laboratory errors and contamination may have led to some degree of misclassification. However, this nondifferential misclassification would be expected to bias the results toward a null result and, therefore, is not a plausible explanation for the statistically significant findings. Additionally, we believe that this scenario is unlikely, because of previously reported data on laboratory proficiency and quality control [34, 35] .
In summary, our data suggest that HIV-infected patients with MDR tuberculosis who are concurrently infected with drug-susceptible M. tuberculosis are at risk for poor clinical outcomes. Because current treatment paradigms do not aim to systematically identify and optimize the treatment for minority drug-susceptible isolates in MDR tuberculosis, larger studies are needed to define the scope of the problem and to evaluate the clinical impact of adding rifampin and/or isoniazid to the standard MDR tuberculosis regimen in this context. Furthermore, these data indicate that an isolate from a single sputum specimen from patients in areas where tuberculosis is highly endemic may not be representative of the total infecting bacillary population [7] . Thus, in areas where tuberculosis and HIV infection are endemic, efforts to accurately determine the composition of the infecting mycobacterial population could have positive clinical and public health effects.
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